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(57) ABSTRACT

The disclosure relates to variable power modular electronic
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and associated uses thereof. In an embodiment, such a
system 1ncludes one or more pulse generators for generating,
clectrical pulses that can be connected in series; a charging
circuit for charging the pulse generators; and a controller
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communicatively coupled to the pulse generators and the
charging circuit. Advantageously, each pulse generator may
include an AC/DC rectifier and a DC/AC inverter connected
to said AC/DC rectifier 1n a bridge configuration to generate
bipolar output electrical pulses or pulse trains. In addition,
the charging circuit may include a DC/DC step-up converter
connected to an indirect DC/AC 1nverter. The system pro-
vided 1n various embodiments of the disclosure also pro-
vides a great versatility for adaptation to various applica-
tions and high output voltage and current values.
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ELECTRONIC SYSTEM HAVING VARIABLE
MODULAR POWER FOR GENERATING
ELECTRICAL PULSES AND ASSOCIATED
USES

BACKGROUND

Technical Field

The present disclosure relates to the technical field of
clectroporation devices used i medical treatments to
improve absorption of medicines or destruction of tumor
cells. More specifically, the disclosure relates to a modular
clectronic system with variable power for generating uni-
polar and bipolar electrical pulses. The field of greatest
interest 1n the disclosure 1s biomedicine, although 1t 1s also
applicable 1n other fields, such as for sterilization in the food
industry.

Description of the Related Art

Electroporation 1s a technique used in medicine which
involves applying a pulsed electric field to a living organism
such that changes at a cell membrane level are triggered,
which can be permanent or temporary depending on the
strength of the applied field.

These electrical pulses are produced by generators with
various characteristics depending on the desired electropo-
ration technique or problem to treat. When the voltage
across a plasma membrane exceeds the dielectric strength
thereol, pores are formed which can close after some time.
If the pore openings are temporary and reversible 1t is
possible to introduce extracellular compounds 1n the cell
interior for therapeutic purposes. Alternatively, the pores can
remain open irreversibly, resulting 1n cell death by apopto-
s1s. In this context the reversibility of the technique and the
s1ze and duration of the pores depend on the strength of the
clectric field applied and the exposure time of the cell to the
same.

Irreversible electroporation (IRE) 1s a non-thermal abla-
tion technique that 1s currently of great interest in the
treatment of certain highly resistant tumors. It consists in
applying strong electric fields to open tissue cell membranes
and cause cell death. Some advantages of this technique over
traditional tumors ablation techniques are the possibility of
treating areas near major vessels, as these are not affected by
thermal cooling, or the preservation of connective tissue,
vessels and other ducts. To achieve irreversibility in the
clectroporation technique the generator must reach high
voltages and currents, with a threshold that depends on the
type of cells to be treated.

Currently available unipolar pulse generators for medical
applications have insuflicient maximum voltage levels for an
eilicient generalized use 1n electroporation techniques. This
1s the case for example with the system disclosed 1n Review
of Scientific Instruments 78, 034702 (2007), 1n the article
“Analysis of a modular generator for high-voltage, high-
frequency pulsed applications, using low voltage semicon-
ductors (1 kV) and series connected step-up (1:10) trans-
tormers” (L. M. Redondo et al.), which describes a modular
generator that produces unipolar pulses that despite having
a high voltage fall short of the voltage levels required for the
applications considered herein. A similar case is the system
disclosed 1n patent application WO 2011/017802 Al (S.
Jayaram et al.), which describes an electrical generator with
a plurality of modules connected in cascade, and which
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generates unipolar pulses with variable output voltages
depending on the number of modules included 1n the system.

In this way, although known modular generators allow
solving some of the drawbacks of traditional techniques,
there 1s a limit to the maximum voltages and currents
attainable, and present several restrictions regarding the
duration and configurability of the pulses generated, hinder-
ing their use 1n the field of irreversible electroporation of
tumor cells.

In addition, existing generators used 1n irreversible elec-
troporation that can provide the necessary output voltages
and currents are however not too versatile, providing a
limited range of voltages and limiting their use to certain
specific types of cell or situations.

In view of the above, there 1s a need 1n the technical field
for alternatives that allow solving the 1ssues described
above, reaching output voltage and current values suitable
for a generalized use 1n irreversible electroporation, while
providing devices that can be adapted for use 1n a large
variety of situations or medical applications.

BRIEF SUMMARY

In various embodiments, the present disclosure provides
a pulse generator technology based on a module structure
and unipolar or bipolar pulses providing greater versatility
and higher output voltage that generators of the prior art. In
some embodiments, a high-voltage generator 1s provided
based on a modular, versatile electronic system for power
generation that comprises a control unit and allows adapting
the strength and other characteristics of the electrical pulses
to each specific application according to the number of
modules used. Said generator may be preferably used in
clectroporation, and can be adapted to various speciiic
problems or organs due to the versatility of the modular
system and the possibility of attaining high voltages and
currents.

The present disclosure provides, in one or more embodi-
ments, a system comprising:

One or more electrical pulse generation modules, where
said modules can be connected 1n series or in parallel. In
connection in series, the output voltage of the pulses 1s the
sum of the individual output voltages of each module. In
connection in parallel, the total current 1s the sum of the
currents of each module.

A charging unit for the generation modules.

A control unit for the generation modules and the charging
unit.

Advantageously, the generation modules are coupled by
isolation transformers to the charging unit, where said
charging unit 1s arranged as the primary side of the trans-
formers and the generation modules are arranged as the
secondary side of the transformers.

In addition, each generation module preferably comprises
an AC/DC rectifier at the output of the corresponding
transformer, and a DC/AC 1nverter connected to said AC/DC
rectifier, configured as a bridge for generating output elec-
trical pulses or pulse rains, and the charging unit comprises
a DC/DC step up converter connected to an indirect DC/AC
inverter, where said DC/AC inverter 1s connected to the
input of the transformer primary side.

This allows both obtaiming a higher voltage and current 1n
the pulses due to their bipolar character, and adding modules
in series and in parallel to the device architecture, which 1n
turn provides a technical solution that increases the versa-
tility of the devices. In addition, bipolar pulses are obtained
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in the present disclosure by the bridge configuration of the
inverter inside each generation module.

More specifically, the generator of the disclosure allows
obtaining pulses with high voltages (on the order of 10-15
kV peak to peak) and currents (400-600 A peak to peak),
greatly exceeding those of currently available generators
used 1n clinical applications, providing in medical applica-
tions more than twice the voltage and five times the current
obtained by technologies available 1n the market. This
means that the generator of the disclosure allows reaching
ablation volumes much higher than those available at this
time and that, since no low-Irequency transformer 1s used, a
more compact and lightweight solution 1s obtained than that
provided by current generators.

In addition, the modular design proposed by the system of
the disclosure allows using the number of modules required
to reach the desired voltage for a given application. This
increases versatility of the output voltage with unipolar or
bipolar pulses or pulse trains with a fully configurable width
(from 1 ps) and number of pulses. This configurability
implies the following technical advantages:

Attenuating the eflect of electrochemical reactions. These
reactions are harmiul to both the electrodes and organic
tissues.

Elimination of hydrogen and oxygen bubble formation
due to hydrolysis.

Lower neurostimulation leading to unwanted muscle acti-
vation.

Possibility of applying quick bursts of short pulses, sig-
nificantly reducing the total time of treatment.

An additional advantage 1s that the system of the disclo-
sure does not require the use of an output transformer. This
means a key difference, as it allows obtaining much lower
output impedance that 1s therefore less influenced by the
load. This aspect has great importance 1n electroporation, as
both the electrodes and the tissue to connect lead to a highly
variable load. In this way the disclosure can always guar-
antee a square voltage form at the output.

In a embodiment of the disclosure, one or more pulse
generator modules comprise an auxiliary AC/DC block
powered by the output of the i1solation transformer and also
connected to the AC/DC rectifier and the DC/AC 1nverter, to
generate a power supply voltage for the same. Analogously,
the charging unit may include an auxiliary DC/DC block,
connected to the DC/DC step-up converter and the indirect
DC/AC 1nverter, to generate a power supply voltage for the
same.

In another embodiment of the disclosure, the frequency of
the indirect DC/AC 1nverter of the charging unit 1s 200 kHz
or higher, and the 1nsulation voltage of the transformers may
be 15 kV or higher.

In another embodiment of the disclosure, the generator
includes a control architecture based on a programmable
logic device (FPGA) that allows a full current and future
implementation of advanced synchronization functions with
ECG, protections, treatment automation, etc. This provides
a greater versatility and adaptation of the output voltage
pulses with respect to the treatment to be performed.

The control unit of the system of the disclosure also
allows programming the number of generator modules
active while the pulses are applied. This allows changing
quickly the magnitude of the applied pulses or pulse trains,
thereby configuring the shape thereof (for example, pulses
or pulse trains with ladder form can be applied). This 1s of
interest, for example, 1 applications related to electropora-
tion-assisted gene transiection (gene electrotransier). In this
field of application of electroporation i1t has been demon-
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strated that protocols consisting in a single short high-
magnitude pulse followed by a longer low-magnitude pulse
are more ellective than protocols with two or more short
high-magnitude pulses.

In another embodiment of the disclosure, the control unit
comprises at least one connection to the generation modules
and at least one connection to the charging unit, where these
connections are msulated by optical fiber. This provides an
improved insulation that increases the safety of use of the
system.

In another embodiment of the disclosure, the generator 1s
powered by batteries 1nstead of by direct connection to the
power grid as those currently used, thereby improving safety
and insulation during the use thereof and simplifying the
approval of the device and compliance with electromagnetic
compatibility regulations.

In another embodiment of the disclosure, the generator
comprises a wireless communication subsystem by WiFi
connection to a computer that allows configuring several
parameters such as polarity, amplitude, number of pulses in
cach burst, number of bursts and repetition frequency. This
possibility of wireless control considerably increases the
safety and convenience of use.

Various embodiments of the present disclosure relate to
the associated uses of the system, which comprise applica-
tions for sterilization of food, waste treatment, contamina-
tion control, treatment of metals or semiconductors, molecu-
lar biology tests, and/or medical or cosmetic treatments. In
some embodiments, the uses of the system related to
molecular biology tests, medical and/or cosmetic treatments
comprise electroporation applications.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 shows a block diagram of the versatile power
clectronic modular system of the disclosure according to one
or more embodiments thereof.

DETAILED DESCRIPTION

A detailed description of the disclosure 1s provided below
with reference to one or more embodiments thereof based on
FIG. 1 of this document. Said embodiments are provided for
purposes of illustrating the claimed disclosure and 1s not
meant to limit the same.

As described in preceding sections, the high-voltage
generator disclosed by the present disclosure 1s based on a
versatile power modular electronic system that allows adapt-
ing the design to the required output voltage and character-
istics of the pulses, according to the specific application or
treatment to provide.

Said FIG. 1 shows the general block diagram for the
modular electronic power system of the disclosure, where
said system essentially comprises a charging unit (1), one or
more pulse generation modules (2) with a rectifier-inverter
configuration, and a control unmt (3). The pulse generation
modules (2) are connected to the charging unit (1) by
magnetic coupling through an isolation transformer (4).

The charging umt (1) may include a high-frequency
indirect DC/AC mverter (5) connected to a previous DC/DC
step-up converter (6). The main purpose of said charging
unit (1) 1s to charge each of the generator modules (2) at the
required voltage with the 1solation transformer (4) through
which they are coupled. It should be noted that the coupling
via the transformer (4) provides the required insulation
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(greater than 15 kV); moreover, due to the high operating
frequency (typically 200 kHz), a compact implementation of
the system 1s achieved.

In addition to the aforementioned elements, the charging,
unit (1) comprises an auxiliary DC/DC block (7) that
provides a power supply voltage V to control the

aux p°

DC/AC mverter (3) and the DC/DC step-up converter (6).
In addition, the pulse generation modules (2), arranged in
the secondary side of the system 1solation transformer (4),
are 1in charge of generating the output voltage applied during
the electroporation treatment. Each module (2) may include
an AC/DC rectifier (8) and a DC/AC mverter (9) based on
a bridge configuration, 1n order to enable the generation of
output voltage bipolar pulses at each module (2).
Analogously to the arrangement of elements of the charg-
ing unit (1), each pulse generation module (2) can comprise
an AC/DC auxiliary block (10) that 1s also powered from the
secondary side of the 1solation transformer (4), in charge of
generating the power supply voltages V of the AC/DC

ALLX S

rectifier (8) and the DC/AC 1nverter (9).

The pulse generation modules (2) of the system of the
disclosure can be connected to one another in series, pro-
viding an output voltage that 1s the sum of the voltages
generated by each of the individual generation modules (2).
Similarly, the modules can be connected in parallel such that
the current delivered 1s the sum of the currents of each
module. In this way the disclosure provides a variable power
stage that can adapt to the needs of the treatment to be
performed in order to generate the required voltages and
currents.

As described above, the system of the disclosure also
comprises a control unit (3) that controls the electronic
power system comprised of the charging unit (1) and each of
the pulse generation modules (2). The control signals of the
generation modules (2) are emitted using a programmable
logic device (FPGA) integrated in each control unit (3). It
should be noted that the generation of control signals by
FPGA increases the versatility and adaptabaility of the output
voltage pulses to the treatment to be performed. This 1s not
possible 1n current commercial systems, which have severe
restrictions regarding the types of voltage pulses that can be
generated.

As mentioned 1n preceding sections, the control unit (3)
may be configured with a programming means for the
number of active generation modules (2) of the system
during the application of the pulses, thereby allowing to
change quickly the magnitude of the pulses or pulse trains
applied, configuring the shape thereof.

In addition, due to the strict insulation requirements
imposed by use and safety regulations for electroporation
devices, the control signals may be insulated by optic fibers
(11, 12).

Finally, the system of the disclosure may communicate
using wireless means, for example a WiF1 network con-
nected to a remote computer (not shown 1n FIG. 1) through
which the polarity, amplitude, number of pulses in each
burst, number of bursts and repetition frequency thereot are
configured.

The system of the disclosure provides satisfactory results
in both treatment of plant tissues and treatment of live
animal tissues.

The various embodiments described above can be com-
bined to provide further embodiments. These and other
changes can be made to the embodiments 1n light of the
above-detailed description. In general, 1n the following
claims, the terms used should not be construed to limit the
claims to the specific embodiments disclosed in the speci-
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6

fication and the claims, but should be construed to include
all possible embodiments along with the full scope of
equivalents to which such claims are entitled. Accordingly,
the claims are not limited by the disclosure.

The mvention claimed 1s:

1. A vaniable power modular electronic system for gen-
erating unipolar or bipolar electrical pulses, comprising:

two or more inter-connectable pulse generation modules
clectrically coupled to one another in parallel or 1n
series, the two or more inter-connectable pulse genera-
tion modules, 1n use, generate the unipolar or bipolar
clectrical pulses such that when the two or more
inter-connectable pulse generation modules are
coupled to one another 1n series an output voltage 1s a
sum ol individual output voltages of each pulse gen-
eration module, and when the two or more inter-
connectable pulse generation modules are coupled to
one another 1n parallel a total current 1s a sum of current
of each pulse generation module;

a charging circuit which, 1n use, charges the two or more
inter-connectable pulse generation modules;

a controller communicatively coupled to the two or more
inter-connectable pulse generation modules and the
charging circuit; and

a transformer which couples the two or more inter-
connectable pulse generation modules to the charging
circuit, said charging circuit being electrically coupled
to a primary side of the transformer and the two or more
inter-connectable pulse generation modules being elec-
trically coupled to a secondary side of the transformer,

wherein each of the two or more inter-connectable pulse
generation modules 1includes an AC/DC rectifier elec-
trically coupled to a respective output of the secondary
side of the transformer, and to an mput of a first DC/AC
inverter having a bridge configuration electrically
coupled to an output of said AC/DC rectifier, the first
DC/AC 1verter, 1n use, outputs the unipolar or bipolar
clectrical pulses, wherein the charging circuit includes
a DC/AC mverter electrically coupled to the primary
side of the transformer, and

wherein the charging circuit, 1n use, 1s fed from a battery
or from an electric mains, and

wherein the controller 1s programmed to control, 1n use,
activation and deactivation of the two or more inter-
connectable pulse generation modules while generating
the unipolar or bipolar electrical pulses, for varying a
magnitude of the unipolar or bipolar electrical pulses.

2. The variable power modular electronic system accord-
ing to claim 1, wherein the two or more inter-connectable
pulse generation modules 1include an auxiliary AC/DC rec-
tifier powered by an output of the secondary side of the
transformer, the auxiliary AC/DC rectifier, 1n use, supplies a
power supply voltage to the AC/DC rectifier and the first
DC/AC 1verter.

3. The variable power modular electronic system accord-
ing to claim 1, wherein the charging circuit includes a
DC/DC converter and an auxiliary DC/DC converter elec-
trically coupled to the DC/DC converter and to the DC/AC
inverter, the auxiliary DC/DC converter, 1n use, supplies a
power supply voltage to the DC/DC converter and to the
DC/AC 1nverter.

4. The variable power modular electronic system accord-
ing to claim 1, wherein an operating frequency of the
DC/AC mverter of the charging circuit 1s 200 kHz or higher.

5. The variable power modular electronic system accord-
ing to claim 1, wherein an insulation voltage of the trans-

former 1s 15 kV or higher.
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6. The variable power modular electronic system accord-
ing to claim 1, wherein the controller includes at least one
connection to the two or more inter-connectable pulse gen-
eration modules and at least one connection to the charging
circuit, said connections being insulated by optical fibers.

7. The variable power modular electronic system accord-
ing to claim 1, wherein the controller 1s configured with a
programming of a number of active pulse generation mod-
ules of the variable power modular electronic system during,
application of the unipolar or bipolar electrical pulses.

8. The variable power modular electronic system accord-
ing to claim 1, turther comprising a power supply configured
to power at least one of the charging circuit, the two or more
inter-connectable pulse generation modules, or the control-
ler.

9. The variable power modular electronic system accord-
ing to claim 1, further comprising at least one subsystem for
communication with a computer which, 1n use, 1s operable
to configure one or more parameters ol the unipolar or
bipolar electrical pulses.

10. The vanable power modular electronic system accord-
ing to claim 9, wherein the at least one subsystem {for
communication with the computer comprises a wireless
connection to the computer via WikF1i.

11. The variable power modular electronic system accord-
ing to claim 1, the variable power modular electronic system
being configured for use 1n applications for food steriliza-
tion, waste treatment, contamination control, treatment of
metals or semiconductors, molecular biology tests, medical
treatments, or cosmetic treatments.

12. The vanable power modular electronic system accord-
ing to claam 11, wherein the vanable power modular elec-
tronic system 1s configured for use 1n electroporation appli-
cations.
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13. The variable power modular electronic system accord-
ing to claim 2, wheremn the charging circuit includes a
DC/DC converter and an auxiliary DC/DC converter elec-
trically coupled to the DC/DC converter and to the DC/AC
inverter, the auxiliary DC/DC converter, in use, supplies a
power supply voltage to the DC/DC converter and to the
DC/AC 1nverter.

14. The variable power modular electronic system accord-
ing to claim 1 wherein the controller comprises a field-
programmable gate array (FPGA).

15. The variable power modular electronic system accord-
ing to claim 8 wherein the power supply comprises one or
more batteries.

16. The variable power modular electronic system accord-
ing to claim 9 wherein the one or more parameters of the
unipolar or bipolar electrical pulses includes at least one of
a polarity, an amplitude, a number, or a repetition frequency
of the unipolar or bipolar electrical pulses.

17. The variable power modular electronic system accord-
ing to claim 1, wherein the charging circuit includes a

DC/DC converter electrically coupled to an input of the
DC/AC mverter, and wherein the DC/DC converter 1s con-
nectable to the battery or to an AC/DC rectifier electrically
coupled to an mput of the DC/DC converter, wherein the
AC/DC rectifier 1s connected to the electric mains.

18. The variable power modular electronic system accord-
ing to claim 1, wherein the transformer 1s an 1solation
transiormer.

19. The variable power modular electronic system accord-
ing to claim 3, wherein the DC/DC converter 1s a step-up
converter.
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